ABSTRACT
INTRODUCTION
In the past decade, significant efforts have been devoted to improving the performance of asphalt pavements. A major part of these efforts was focused on the development of new asphalt-based pavement materials with better performance and increased durability. Recently, there has been an emerging interest in applying nanotechnology to asphalt pavement materials [1, 2] and a number of attempts were made to incorporate carbon nanotubes (CNTs) into the asphalt binders and mixtures. It was found that the dispersion of CNTs in asphalt binders represents a major challenge [2] , and the very high material cost make the application of CNTs in asphalt pavements prohibitive. In this study, the application of Graphene Nanoplatelets (GNPs) to asphalt binders and mixtures is investigated. The GNP is made from exfoliated graphene, which has been shown to possess superior mechanical andelectron transport properties [3] [4] [5] [6] . The aspect ratio of GNP is significantly lower than that of CNT, which makes dispersion easier. In addition, the cost of GNP is comparable to some common polymer modifiers such as styrene butadiene styrene (SBS), which makes it a very attractive candidate for asphalt paving applications.
EXPERIMENTAL WORK
The experimental work consisted of testing performed on asphalt binders over a wide range of temperatures and on testing performed on asphalt mixtures at low temperatures. Different types of GNP materials were used in the experiments: MICRO750 (M750): a graphene nano-flake powder with minimum 96.22% carbon and an average surface area of 12 m 2 /g; MICRO850 (M850): a graphene nano-flake material with 99.54% carbon and an average surface area of 12m 2 /g; and 4827: a surface enhanced synthetic graphite material with 99.66% carbon and 0.34% ash and an average surface area of 250 m 2 /g.
Asphalt binder testing
Binder testing was done following the Superpave Performance Grade (PG) Specifications that are detailed in a number of AASHTO specifications and are based on rheological measurements using a Dynamic Shear Rheometer (DSR) used to obtain complex modulus and phase angle of viscoelastic materials, a Bending Beam Rheometer (BBR) used to obtain the creep stiffness and the slope of the creep stiffness curve called m-value, and strength tests performed at low temperatures. In this investigation, a modified BBR instrument called BBR Pro, which has a proportional valve that offers a complex control of the pressure in the air bearing system and a 44 N load cell, was used to perform strength tests under constant loading rate until failure. The procedure is explained in detail elsewhere [7] . Preliminary experiments were performed on a plain PG 58-28 asphalt binder in unaged condition and focused on low temperature properties. The GNP samples were carefully added to the hot asphalt binder and then mixed with a glass rod until a homogeneous mix was observed. An initial proportion of 6% by weight was used. No problems related to potential clustering of the graphene platelets were detected. BBR creep stiffness results, obtained at -24°C on two replicates, are shown in the Figure 1 . It can be observed that the addition of the three types of graphene has a significant impact on the strength properties of the binder. In particular, the addition of type "850" leads to a threefold increase in strength, from 3.9MPa to 11.5MPa. At the same time, a twofold increase in failure strain, from 1% to almost 2%, is also observed that indicates that the strain tolerance of the material also improves. Similar testing was performed on a plain PG 52-34 binder and a SBS-modified PG 64-34 binder in PAV condition. The GNP was added to the liquid asphalt binders in two amounts: 3% and 6% by weight. Similar to the preliminary results, the most significant improvement is observed in the strength properties of the binders at low temperature, in particular for the unmodified binder. It was observed that, on the average, the addition of 3% of 750 increases strength 1.8 times, addition of 3% 850 increases strength 2.5 times, and addition of 3% 850 increases strength 2.3 times. These are very significant changes not observed with any other additives used in binder modification. Improvements were also observed when similar amounts of GNP were added to the polymer modified binder that already has good strength properties. On the average the increase in strength was approximately 20%. It is important to note that the increase in strain at failure were similar to the increases in strength, a clear indication that the strain tolerance of the GNP reinforced binders are significantly improved. Rheological tests were also performed using the Dynamic Shear Rheometer (DSR) and master curves of the norm of the complex modulus and of the phase angle were generated. Examples are presented in figures 4 and 5. No significant changes are observed in the two material parameters at high and intermediate service temperatures when 3% or 6% GNP by weight is added to the asphalt binders investigated. Based on the experimental investigation, it can be concluded that the addition of 3 to 6% GNP significantly improves the strength properties and strain tolerance of asphalt binders at low temperatures. At the same time, the relaxation properties at these low temperatures are not negatively affected. No significant changes were observed in the intermediate and high service temperature properties of asphalt binders when GNP was added.
Asphalt mixture testing
A Superpave mix design for a 12.5 mm nominal maximum aggregate size mixture was used to prepare mixture samples. The experimental work consisted in Semi-Circular Bending (SCB) fracture tests performed according to AASHTO TP-105 [8] . The fracture energy measured by the SCB test is a material property that directly represents the fracture resistance under mode-I loading (tensile fracture). Table 1 summarizes the calculated fracture energy and apparent fracture toughness of different GNP-modified asphalt mixtures. It is observed that for all polymer-modified binder asphalt mixtures the addition of GNP leads to a considerable increase (about 28%) in fracture energy. For example, addition of M850 with 6% by weight of binders gives rise to almost 100% increase in fracture energy. For unmodified binder asphalt mixtures, the results are mixed.
Compaction study
An investigation was performed to determine if the addition of GNP influences the laboratory compaction properties of asphalt mixtures. In the first part, we investigated the effect of adding graphene to the binder used to prepare asphalt mixtures. In the second part we investigated the effect of adding graphene directly to an already prepared asphalt mixture (loose mix). The results are presented below. A PG 58-28 plain binder was used to prepare a Superpave mix with 12.5 mm nominal maximum aggregate size and 5.5% binder content (by weight). Two types of graphene, Micro 850 and 4827, were mixed by hand with the binder. For the asphalt mixture sample size used in the study, 297 grams corresponds to 5.5% binder content. The following blends were made:  Blend A represents the original mix design requirement with 5.5% binder and no GNP  In blend B, 18g of binder are replaced with 18g of 850 (6% of binder weight) to keep the binder-graphene blend to 5.5% (of the total mixture weight) proportion.  For blend C, 84g of 850 was added to the 297g of binders. This represents a 1:1 volume ratio between the binder and the graphene, which is equivalent to 28% of binder weight.  Blend D represents 297g of binder plus 23g of 4827, which represents 8% of binder weight. The compaction curves for one cylinder compacted to 5% air voids, for each type of blend, are presented in Figure 6 . It can be observed that the addition of graphene decreases the number of gyrations required to compact the mixture to 5% air voids (95% compaction). The most significant effect was obtained when adding 28% (by weight of binder) of the 850 graphene. A smaller reduction was obtained when only 6% was added. For the loose mix experiment, materials from a previous project were used in this experimental work. The binder used to produce the mixture was a plain PG 58-28 and the mix design was different than the one used to prepare mixtures shown in Figure 6 . The loose mix has been stored in sealed buckets at constant room temperature since 2010. The buckets containing loose mix were heated in the oven at 145°C for two hours. After heating, four pans were filled with 7.1 kg of loose mix. The loose mix from the first pan, the control sample, was poured in the mixer bowl without any additional material. After 6 minutes of mixing, 7.020 kg were poured back into the pan sitting on the scale, and then kept in the oven for another two hours at 135°C. The loose mix from the other three pans was blended with three different types of GNP: Micro 850, Micro 750 an 4827. A 7 kg compacted cylinder contains 5.5% binder, (0.385 kg). The amount of graphene added was 8% of asphalt binder weight. The graphene particles were added gradually, during a two minutes period, to the mixing bowl, which already contained the loose mix. The mixing process took 6 minutes in total. In a similar way, 7.020 kg were poured back into the pan sitting on the scale, and then kept in the oven for another two hours at 135°C for conditioning. After two hours, four cylinders were compacted at 5% air voids using a gyratory compactor and following the current AASHTO procedure. The compaction curves are presented in Figure 7 . After the first gyration, a 2% air void reduction is already noticed in the samples with graphene versus the control sample. The 5% air void target was reached after 12 to 15 gyrations for the graphene coated mix, and after 31 gyrations for the control mix. This represents a significant reduction in the compaction effort. Although loose mix is not representative of field construction conditions, the results can be an indication of improved compaction properties for mixtures that contain high RAP or RAS contents and, therefore, deserve further investigation.
APA rut testing
A series of mixture testing was performed at high temperature, to investigate if the addition of GNP makes the asphalt mixtures more prone to rutting. This testing was done to address concerns that the "lubricant" effect that is responsible for the reduction in compaction effort at conventional compaction temperatures (130°C to 140°C) can remain significant even at summer service temperatures. The results obtained with an APA rut testing device, showed that the addition of graphene improves the rutting resistance. An example is shown below for an asphalt mixture prepared with and without graphene and compacted at 130°C to 7% air voids. The test was conducted at 58°C. 
CONCLUSIONS
Based on the results of this investigation, the following conclusions can me drawn:  GNP can be easily incorporated into asphalt binders, and due to its relatively low aspect ratio no potential clustering is observed during the mixing.  The addition of GNP into both polymer-modified and unmodified asphalt binders does not significantly affect the complex shear modulus and phase angle at intermediate and high service temperatures. 
